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Electric Tweezers: Experimental Studies of Positive Dielectrophoresis-
Based Positioning and Orientation of a Nanorod
Abstract
The manipulation of individual micrometer sized objects has been the focus of significant research efforts over
the last few years. A previously proposed method for the arbitrary manipulation of nanoparticles is
experimentally demonstrated. This method employs dielectrophoretic forces for the planar control of the
motion and orientation of such nanoparticles between a set of microfabricated electrodes. Each electrode is
approximated as a set of sources, namely, an unknown point charge and induced dipole. Imposing constraints
on the electric field at the location of the particle and requiring self-consistency uniquely determine the
sources. They can then be subsequently used to determine the set of electrode voltages that creates an electric
field that will produce the prescribed orientation and force on the particle. The drag coefficients of a nanorod
are experimentally determined by sequentially applying a constant force both parallel and perpendicular to its
axis and observing a resulting motion.With the drag coefficients in hand, the velocity rather than force can be
prescribed, and the rod is directed to move accurately at oblique angles to its orientation. The rod is in a
constant state of unstable equilibrium and requires negative feedback to maintain a fixed position. The
automation of such feedback is demonstrated, allowing a controlled travel of the nanostructures over complex
paths.
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positioning and orientation of a nanorod
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The manipulation of individual micrometer sized objects has been the focus of significant research
efforts over the last few years. A previously proposed method for the arbitrary manipulation of
nanoparticles is experimentally demonstrated. This method employs dielectrophoretic forces for the
planar control of the motion and orientation of such nanoparticles between a set of microfabricated
electrodes. Each electrode is approximated as a set of sources, namely, an unknown point charge and
induced dipole. Imposing constraints on the electric field at the location of the particle and requiring
self-consistency uniquely determine the sources. They can then be subsequently used to determine
the set of electrode voltages that creates an electric field that will produce the prescribed orientation
and force on the particle. The drag coefficients of a nanorod are experimentally determined by
sequentially applying a constant force both parallel and perpendicular to its axis and observing a
resulting motion. With the drag coefficients in hand, the velocity rather than force can be prescribed,
and the rod is directed to move accurately at oblique angles to its orientation. The rod is in a constant
state of unstable equilibrium and requires negative feedback to maintain a fixed position. The
automation of such feedback is demonstrated, allowing a controlled travel of the nanostructures over
complex paths. © 2007 American Institute of Physics. DOI: 10.1063/1.2753584
I. INTRODUCTION
There have been significant efforts toward developing
“touchless” electromagnetic positioning systems for micro-
and nanometer sized particles.1 As opposed to
micromanipulators2 and atomic force microscopy,3 touchless
technologies represent a method to apply gentle forces to
small, delicate particles while simultaneously removing the
difficulties of stiction. Lab-on-a-chip,1 heterogeneous inte-
gration of electronic components,4 and studies in
nanofluidics5 all have previously benefited from these tools.
Various tools have emerged to fill this need. The most
well known and powerful optical tweezers use a finely fo-
cused laser as the electromagnetic source to allow the arbi-
trary positioning of very small objects,6 but they are limited
by the laser spot size and are costly. Magnetic tweezers have
recently been reported, wherein a magnetic particle is con-
trolled using the magnetic field generated by an array of
coils.7 Additionally devices based on electrophoresis8 and
electro-osmotic fluid flows9 have been demonstrated.
Nevertheless, with the work of Pohl,10 dielectrophoresis
has remained very attractive because of the ease with which
electric field gradients can be generated on very small scales
with microelectrode structures. Many dielectrophoresis tech-
niques have emerged such as positive dielectrophoresis,2,11,12
negative dielectrophoresis,13–18 and traveling wave
dielectrophoresis.19 These techniques have been applied to a
variety of materials including carbon nanotubes,20 DNA,21,22
and biological entities2,23,24 such as cancerous cells.25,26
However, as opposed to optical tweezers and magnetic twee-
zers, to date these techniques have only been used to direct
particles toward or away from electrodes. This discretizes the
space so that the particles can only be controlled with a spa-
tial resolution similar to that of the electrode array itself.12,27
We present and experimentally demonstrate a method to
move arbitrarily a particle in the region between an array of
five electrodes. This technique combines the low cost of
electrokinetic devices with the flexibility of optical and mag-
netic tweezers.
II. GENERATING AN ELECTRIC FIELD THAT
SATISFIES A SET OF LOCALLY DEFINED
CONSTRAINTS USING A SET OF ELECTRODES
In this section we will relate the force and orientation of
a particle to a set of electrode voltages. A more complete and
general derivation has been presented elsewhere.28
While it is ultimately the voltage on each of n electrodes
that will be experimentally controlled to direct the force Fx
and Fy and orientation  of a particle at position R , it is
more tractable to consider each electrode as a point charge
qi and an induced dipole pxi and pyi at a location ri Fig.
1. The voltage field is approximated as the sum of the con-
tributions of the point charges and dipoles from each elec-
trode. For a point R external to the electrodes the voltage
field isaElectronic mail: brianedw@seas.upenn.edu
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VR  = 
i=1
n
qiGqR ,ri + pxiGpxR
 ,ri + pyiGpyR
 ,ri . 1
While for a point ri internal to the electrode i the voltage
field is
Vri = qi/Ci + 
j=1
ji
n
qjGqri,r j + pxjGpxri,r j
+ pyjGpyri,r j , 2
where Gq ,Gpx ,Gpy are Green’s functions for each source.
The dipole on each electrode i is induced by all other
sources, and therefore is dependent on the electric field at ri
through
pxi = − xixVri ,
pyi = − yiyVri . 3
where xi and yi are the polarizabilities of the electrode i
where i ranges from 1 to n.
The particle can be approximated as an induced dipole
ppart with a maximum real polarizability part. Note that part
could, in fact, be a negative number as is common in many
biological particles over certain frequency ranges. An in-
duced dipole will tend to orient along the electric field.
Therefore, it is assumed that ppart=partE 0, where E 0 is an
electric field sufficient to hold the particle orientation against
all destabilizing factors. Since the orientation  of the par-
ticle and E 0 are prespecified, the voltage field is further con-
strained by
cosE0 = − xVR  ,
sinE0 = − yVR  . 4
The force Fx and Fy on a particle at R can be determined by
taking the negative gradient of the particles’s potential en-
ergy U=−ppart ·E =−partE 2. This further constrains the volt-
age field with
Fx = − 2partE0cosx,xVR  + sinx,yVR  ,
Fy = − 2partE0cosy,xVR  + siny,yVR  . 5
With each electrode there are three unknown sources qi, pxi,
and pyi and two constraints in Eq. 3, leaving one degree of
freedom per electrode. However, Eqs. 4 and 5 form an
additional four constraints. Therefore, it would initially ap-
pear as if four electrodes would be sufficient to provide as
many degrees of freedom as constraints. However, there ex-
ist many pathological combinations of particle position,
angle, and applied force, for which no solution set of volt-
ages exists.28
Adding an extra electrode resolves this problem. How-
ever, to maintain a linear relationship an extra arbitrary con-
straint is added
0 = 
i=1
n
qi. 6
With a particle position, orientation, and desired force,
the constraints imposed in Eqs. 3–6 can be solved for the
unknown electrode point charges and dipoles using linear
techniques such as matrix inversion. This solution set can be
applied back into Eq. 2 to find the voltage required on each
electrode.
In Fig. 2, the concept is illustrated. The lines of constant
voltage are plotted in the plane of the electrodes and the
potential energy of the particle is projected on a vertical axis
below. The electrode voltage set is calculated that orients a
single particle at the center of the array to an angle of 45°
with no applied force. It is evident that the particle is ori-
ented in the desired direction by noting the lines of constant
FIG. 1. Color online An array of n electrodes at positions r1 through rn in
the same plane as a nanorod at position R . Black dots represent continuation
of the pattern. FIG. 2. Color Electrode voltage set that orients a nanorod at the center of
an electrode array to an angle of 45° with no applied force. The lines of
constant voltage are shown for the plane of the array in black. The potential
energy for the same plane is projected on the vertical axis below. The green
cross represents the rod’s position on the potential energy plot.
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voltage. Additionally, it is apparent that there is no applied
force since the potential energy has a slope of zero with
respect to both the x and y axes at the particle location,
Although it should be noted that this is an unstable equilib-
rium. Simulations describing the field distribution during the
rotation and translation of a particle can be found in the
Supplemental Material.30
III. DEVIATIONS FROM THE IDEALIZED GEOMETRY
The geometry discussed in Eqs. 1–6 has been ideal-
ized. In practice, the electrodes and the particle are not im-
mersed in a single medium. Rather, the electrodes are fabri-
cated on a substrate and the particles settle out of a
suspension fluid that is placed over the electrodes. This cre-
ates two complications but requires no changes.
Firstly, the electrodes are contained at the interface be-
tween the two half volumes: the substrate and the suspension
fluid. With the exception of material parameters, the geom-
etry is symmetrical across the x ,y plane. Since the solution
to Laplace’s equation is independent of material parameters,
the voltage field in the upper half space must be identical to
the lower half space. Due to this symmetry, the electric field
will be exactly as described previously for a given electrode
voltage set.
Secondly, fluid medium will most likely have some con-
ductivity. Conduction current across the interface of the sus-
pension fluid and the electrodes can be complicated and it is
difficult to support an electric field in a medium with a finite
conductivity. However, every medium with some conductiv-
ity has a frequency above which it behaves essentially as a
dielectric. If Vi→−Vi is substituted for each electrode i, the
electric field will reverse direction everywhere but it will
maintain the same magnitude. However, because the poten-
tial energy of the particle is proportional to E⇀2, the force
applied to the particle is unchanged. Additionally, the particle
will be oriented along the direction of the electric field re-
gardless of its sign. Therefore, a useful way to remove the
effects of the conductivity of the suspension medium is to
alternate the applied voltages between positive and negative
Vi at a high frequency, fc /2. Providing the wavelength
=c0 / fcmedium is much smaller than the electrode struc-
ture; this remains a quasistatic problem.
IV. EXPERIMENTAL APPARATUS
In this section the experimental apparatus will be exam-
ined. Since the particle is in an unstable equilibrium Fig. 2,
in order to prevent the particle from catastrophically drifting,
it must be controlled using a negative feedback loop. This is
illustrated in Fig. 3. Here the components will be discussed,
beginning at the particles and tracing this loop backwards.
The particles for these experiments were gold nanorods
with a length of 6 m and a radius of 300 nm suspended in
de-ionized water fabricated using electrochemical processes.
The electric field was generated by a circular array of
five gold electrodes, each 40 m in diameter, spaced on a
circle of 200 m diameter, fabricated using standard litho-
graphic and etching techniques. A drop of particle suspension
could be placed onto the electrode set and sealed using a
silicone spacer and a coverslip.
The voltage for each of the five electrodes was generated
by five 8 bit digitally controlled potentiometers, each provid-
ing two lines at potentials of +Vi and −Vi. Note that +Vi
could be positive or negative. Five high speed multiplexers
switched between these two voltages at frequency fc
=500 kHz, to produce the five square-wave signals. The
digital potentiometers were attached to a universal serial bus
USB-digital output board which was controlled through a
LABVIEW application.
The LABVIEW application calculated the proper electrode
voltages using input from the user and real-time video of the
particle and electrodes. The program can automatically track
position of the particle, R⇀, through image analysis. The ap-
plication’s main loop cycled at 7.5 Hz.
The force applied was always less than or equal to
76 fN, and the electric field applied to the particle was main-
tained at 10 kV/m. The voltage on each electrode never ex-
ceeded a magnitude of 10 V.
V. CAPTURING A ROD, CONTROLLING THE FORCE,
AND DETERMINING THE DRAG COEFFICIENTS
A dilute suspension of rods was placed over the elec-
trode array and the rods quickly settled to the glass substrate.
Within the region bounded by the electrode array there were
seven rods. A cursor, indicating R⇀, was placed over one of
the rods near the center of the array. When the electrodes
were activated, the indicated rod quickly aligned with the
electric field. Being in regions of strong potential field gra-
dient, all other rods quickly moved to nearby electrodes.
However, the indicated rod remained balanced. As the rod
drifted due to Brownian motion and small errors in model-
ing, the program tracked the rod’s position through image
analysis attempting to maintain zero force on it. At this point
an arbitrary force can then be applied to a particle.
The rod was oriented at 90° so that forces applied in the
y direction are parallel to the rod orientation and forces along
the x direction are perpendicular to the rod orientation.
FIG. 3. Color online The architecture of the experimental apparatus.
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Forces in the x and y directions were applied to move the rod
around the array while observing the resulting motion. Aver-
aging the ratio of the velocity to the force in the y direction
yielded an experimental parallel drag coefficient of
21	10−9 N s/m which is reasonably close to the theoretical
value Fig. 4a. Additionally, averaging the ratio of the ve-
locity to the force in the x direction yielded an experimental
perpendicular drag coefficient of 15	10−9 N s/m which is
also reasonably close to the theoretical value Fig. 4b.29
VI. CONTROLLING THE VELOCITY
Since the rod has different drag coefficients perpendicu-
lar and parallel to its axis, applying an oblique force will not
yield a velocity in the same direction. To determine the
proper force to yield a specific velocity, we first project the
desired velocity into a parallel and perpendicular component,
find the required force parallel and perpendicular to the rods
axis, and then project these forces back onto the normal x-y
axes.
Fx
Fy
	 = M− · C
 00 C 	 · M · VxVy 	 , 7
where M= cos sin−sin cos .
The rod was directed to move at an angle of 45° to its
orientation. In Fig. 5 it can be seen that the force green and
velocity aqua are not in the same direction, but if the force
is chosen according to Eq. 7, the velocity may be specified
in controlling a nanorod. This is evident as the rod appears
several seconds later along the path of specified velocity not
the vector of the force.
VII. CONTROLLING THE POSITION
Approximate velocity can be defined as the difference
between the two positions divided by time. Given a target
position R T, the velocity needed to return a rod to this point
is Vx ,Vy= R T−R  /T, where T is the time between the
cycles of the program.
By using image analysis, the position of the rod can
constantly be compared to the target position and using Eq.
7, a force can be calculated that will return the rod to that
location. It is evident in Fig. 3 that this represents a stabiliz-
ing negative feedback loop. It is also evident in Fig. 2 that
this is necessary because even when no force is being ap-
plied, the rod is only metastable. Brownian motion and mod-
eling noise are sufficient to disturb the rod out of this equi-
librium position; however, the negative feedback loop allows
a rod to be balanced indefinitely.
FIG. 5. Color Superposition of three images of the same rod separated by
6 s while the rod was directed to move directly to move to the upper left.
For each moment, the angle of the force is shown in green while the directed
velocity emphasized by the circle is shown in aqua. Note that the rod fol-
lows the path of the directed velocity not the force see Ref. 30 for video.
FIG. 6. Superposition of several hundred images of the same rod separated
by 1 s while the rod was directed to move along a complex preprogrammed
path see Ref. 30 for video.
FIG. 4. Color Superposition of three images of the
same rod separated by several seconds while the rod
experienced a force in the −y a and +x b directions
to determine the parallel and perpendicular drag coeffi-
cients, respectively. The field simulations below show a
probable electric field and potential energy for the three
moments at which the images were captured.
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The target position can be a function of time, R Tt, with
an associated angle, t, to allow complex paths to be pre-
programed Fig. 6.
VIII. SUMMARY
A method has been presented to move and orient accu-
rately a prolate conductive particle by properly calculating
the voltage on a surrounding array of electrodes. This
method has been demonstrated on a gold nanorod to deter-
mine its drag coefficients, direct motion along an oblique
angle, and direct the rod over a complex path. Possible ap-
plications of this technology include lab-on-a-chip, heteroge-
neous integration of electronic components, and microfluidic
studies.
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